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LONG-TERM GOALS
To understand the acoustic reverberation properties of zooplankton and microstructure. This new understanding will lead to improved capability in 1) predicting sonar performance and 2) use of sonars in the mapping of the zooplankton and microstructure.
OBJECTIVES
To understand the physics of the scattering by naturally occurring (complex) bodies or processes. Realistic acoustic scattering models of zooplankton and microstructure will be developed and applied to high-frequency acoustic surveys.
APPROACH
The research program has been a combination of theoretical analysis, numerical simulations, and experimentation in the laboratory and waters near WHOI. The acoustic scattering theories are approximate and have included various ray, volume integration, and modal-series-based solutions. An acoustic pulse-echo laboratory is used to collect backscatter data with animals over a wide range of acoustic frequencies (24 kHz -1 MHz) and all angles of orientation (0 to 360 degrees in 1-degree steps). The system is also used in a more limited capacity (fewer frequencies, no variations of orientation) to measure scattering by microstructure. A high performance towed platform (BIOMAPER-II) is used to simultaneously collect acoustic backscatter data (transducers at five frequencies spanning the range of 43 kHz to 1 MHz and looking both up and down), video data, and environmental data temperature, etc. Tim Stanton has led the laboratory measurements and the development and application of scattering models while Peter Wiebe leads the field surveys and interpretation. Dezhang Chu has also played a key role in the laboratory and modeling work while Joe Warren and Andone Lavery have played key roles in the surveys and classification. 
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WORK COMPLETED
A number of major tasks were completed this year involving various parallel efforts focused principally on a scattering-model-based classification of our high-frequency acoustics survey data. 1) Publications. In FY02, two journal articles and two proceedings papers appeared in print, two previously submitted papers have been accepted and/or are now in press, and three new papers were submitted. Also, our book that was accepted in a previous year is near completion with publication expected for next year.
2) Analysis of BIOMAPER-II Cruise Data. This year, our effort focused on interpreting the data from three study areas in the Gulf of Maine in terms of the biology and microstructure present. Interpretation relied on data processed in the previous year involving a combination of high frequency acoustic echo data, video plankton recorder data, and environment data, all collected simultaneously using the BIOMAPER-II system in the Gulf of Maine. MOCNESS net sample data were also a major part of the analysis. In each of the three areas, the proportions with which the scattering resulting from microstructure and each of the various anatomical groups of animals have been estimated. Inferences have been made from each of the three areas of important biological and physical parameters and correlations made between the presence of the various types of organisms relative to the spatial variability of the environment.
RESULTS
Through our analysis detailed below, we have determined the spatial variability of various dominant scatterers over a broad scale, at high resolution, and in relation to their environment. We have found that, depending on the study area and depth within the water column, different scatterers will dominant the scattering. Although there was a strong correlation between the presence of organisms and the environment (such as the thermocline), the bio-physical relationship varied between sites and was a function of organism type.
1) Discriminating Between Scattering by Zooplankton and Microstructure.
We have found that in the three study areas in the Gulf of Maine region, the zooplankton appeared to have dominated the scattering throughout the water column in each of the areas except for the upper water column in one of the areas. In this latter section of data, the environmental data showed much variability in the water density due to overturning while the organisms caught in the net tows could not account for the acoustic scattering. To within the limitations of the instrumentation and scattering models used, the scattering in the upper water column is consistent with that due to turbulent temperature microstructure.
2) Quantifying Scattering by Zooplankton and Microstructure. After determining the most significant sources of scattering in each of the three study areas, we have produced 2-D maps of zooplankton size, numerical density of the zooplankton, and dissipation rate of the turbulent kinetic energy. In the sections of the water column where the zooplankton dominated the scattering, different organisms dominated the scattering in different areas. In some cases, siphonophores dominated the scattering; in other cases, euphausiids were the dominant scatterers; and in another area, it was a combination of organisms (such as euphausiids and pteropods) that contributed the most to the scattering.
3) Quantifying Distributions of Siphonulae. As reported above and in last year's report, we have discovered a significant presence of siphonulae (juvenile form of siphonophores) through the use of BIOMAPER-II acoustics and video systems. Because of their fragility, these organisms are significantly under-registered through conventional net-capture means. Our analysis has determined that these organisms reside at significantly different depths than the majority of the other organisms (by both biomass and abundance) (Fig. 1) .
IMPACT/APPLICATIONS
The impact and applications of these results are significant: 1) In early studies involving use of acoustics to study the presence of marine life, the acoustic echo was assumed to be due solely to the organisms and furthermore, to monotonically increase with biomass. Our studies have shown that not only do the echoes not necessarily increase with biomass, but there are conditions under which the echoes could be attributable principally to microstructure. These studies are therefore making impact on the community through development and use of advanced quantitative methodology. 2) Through the use of the advanced instrument platform BIOMAPER-II and supporting acoustic scattering models that we have developed, we have determined the spatial variability of the various dominant sound scatterers as well as the varying degree to which their distribution is correlated with the physical environment. The understanding of biological and physical processes and their inter-relationship has therefore been advanced. 3) A particular noteworthy result has been our determination of the distribution of siphonulae through use of the BIOMAPER-II system. This organism has been grossly under-reported in the past due to their fragility and we have demonstrated a viable means, through the combined use of the BIOMAPER-II system and scattering models, for studying the organism. 2) Some of our acoustic scattering models have been used in the past by NUWC/Newport in sonar performance predictions in their development of the standoff system, which remains operational.
3) Although this is not a new transition, it is one that has been recently brought to our attention: The early acoustic scattering models involving scattering by finite cylinders were applied by personnel at Navy laboratories to describe the acoustic scattering in the near-field by submarines. The references are:
"The development and validation of a sound field separation technique; A requirement for holographic processing of near-field scattering measurements", by Dr. 
RELATED PROJECTS
We have recently applied our laboratory, signal processing, and scattering methods to three other projects: 1) Measurements and modeling of acoustic scattering by fish (funded by another grant by ONR and NOAA). 2) Measurements and modeling of acoustic scattering by benthic shelled animals (funded by another grant by ONR). 3) Measurements of biotechnical properties (sound speed and mass density) of various zooplankton (funded through a private grant and NSF). A particularly striking result is that, although the majority of the biomass resides in the lower scattering layer near the lower thermocline, the siphonophores principally reside in the upper layer near the upper thermocline. Because of their gas inclusion, these organisms produce significant levels of scattering in the upper layer, resulting in an appearance of similar biomass in the two layers in this single frequency plot. Because of their fragility, these organisms normally are grossly under-recorded in traditional sampling systems (nets typically destroy their tissue). However, with the combined use of scattering models with data from the multi-frequency acoustic, MOCNESS, and VPR systems, these organisms were detected and sized, and their spatial distribution correlated with the environment.
